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Abstract

We successfully synthesized the polycrystalline form of vanadates A,Co,Fe(VOy4); (A = Ag or Na) using sol-gel method.
Powder X-ray diffraction analysis allowed the identification of the alluaudite-type vanadate structure. The morphology and
the elemental composition of the synthesized powders were analyzed by scanning electron microscopy (SEM) and energy-
dispersive X-ray spectrometer (EDS). The two vanadates A,Co,Fe(VO,4); (A = Ag or Na) were further characterized by infrared
and Raman spectroscopies to get complementary structural information. The infrared and Raman spectroscopy-observed bands
were assigned to VO,>~ vibration modes. The room temperature °’Fe Mossbauer spectroscopy confirmed the +III oxidation state
of iron. Magnetic properties of these vanadates were investigated. The magnetic susceptibility data reveal that the predominant
interactions in these vanadates are antiferromagnetic with a Curie—Weiss constant of § = — 125.6 K for Na,Co,Fe(VO,4); and 6 =
—104.5 K for Ag,Co,Fe(VOy);. The magnetic interactions in these vanadates were discussed according to semiempirical

Goodenough—Kanamori—Anderson rules (GKA).

Keywords Vanadate - Alluaudite-type structure - Magnetic properties - Powder X-ray diffraction - Méssbauer spectroscopy

1 Introduction

The research in the field of open-framework inorganic mate-
rials has extended dramatically during the last decades due to
their promising applications in many fields, e.g., effective
electrode materials for rechargeable batteries [1, 2], catalysis
[3], and photocatalysis [4]. Also, transition metal-based inor-
ganic materials with open frameworks have extensively inves-
tigated for their interesting magnetic properties [5, 6].
Following the comprehensive development of synthetic in-
organic materials, research has gradually shifted towards the
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exploration of new families of compounds based on transition
metals and exhibiting three-dimensional frameworks.
Although, a family of phosphates named “alluaudite” [7] has
attracted much attention during the last years [8—12].

The alluaudite mineral first known as phosphates,
exhibiting a three-dimensional open framework, was first de-
scribed by Fisher in 1955 [13], and its structure was studied by
Moore in 1971 [7]. To date, numerous studies on alluaudite
type phosphates have been stated such as their structural stud-
ies [8, 14-16], their magnetic properties, and their electro-
chemical performance as electroactive materials for recharge-
able Na and Li-ion batteries [ 17-22]. Furthermore, alluaudite-
type compounds are no longer limited to just the phosphates.
Recent research has revealed that arsenates [23, 24], sulfates
[25], and more recently vanadates [26-28] can also crystallize
in alluaudite-type structure. Moreover, the ability of
alluaudite-like structures to accommodate a wide selection
of transition metals suggests the presence of interesting mag-
netic properties [22, 29, 30]. To the best of our knowledge, no
magnetic properties of alluaudite-type vanadate have been
reported.

In this context, as a continuation of our previous work
reported on the structural study of A,Co,Fe(VO,); (A = Ag
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or Na) [26], we report in this paper the sol-gel synthesis of the
powder of these two vanadates and their characterization by
powder X-ray diffraction and electron microprobe microsco-
py. Also, these vanadates were analyzed by IR, Raman, and
>"Fe Mossbauer spectroscopies. The magnetic properties of
this vanadate are also discussed.

2 Experimental Section
2.1 Synthesis of A,Co,Fe(VO,); (A = Ag or Na)

A,Co,Fe(VO,); (A = Ag or Na) were synthesized by sol—gel
method. In a first step, a stoichiometric proportion corre-
sponding to desired composition of the reactants AgNO3 or
NaNO3, (CH3COO)2CO, 4H20, FC(NO3)3'9H20, and V205
was dissolved in appropriate amount of distilled water and a
few drops of HNO; and kept under stirring. Secondly, citric
acid was added to the mixture with a molar ratio of (Na/Ag +
Fe + Co + V):citric acid = 1:4. The solution was evaporated
slowly to form a viscous liquid which was kept under heating
to dryness. The resulting gel was transferred to furnace to
undergo successive heat treatments at 200, 400, 500, and fi-
nally at 540 °C for Ag,Co,Fe(VOy,); and until 580 °C for
Na,Co,Fe(VOy,); with intermittent grinding. The duration of
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each treatment was 24 h. Black powders were obtained and
their purity was confirmed by powder X-ray diffraction.

2.2 Characterizations

2.2.1 Scanning Electron Microscopy and Powder X-Ray
Diffraction

The morphology and elemental analysis of the synthesized
powders was performed by JEOL JSM-IT100
InTouchScope™ scanning electron microscope equipped with
energy-dispersive X-ray spectroscopy analyzer (EDS).

To control the purity of the synthesized powders, X-ray
powder diffraction patterns were obtained at room tempera-
ture using a Siemens D5000 powder diffractometer operating
with 6—26 scan mode and Cu K« radiation (A =1.5406 A).
The data were collected over the 26 angle range of 10° <26 <
70° with a step size of 0.04° and 30 s per step counting time.

2.2.2 IR and Raman Spectroscopy

Raman spectroscopy data were collected using Renishaw in
Via Qontor Raman microscope with 532 nm laser as excita-
tion wavelength. Laser power has been optimized (0.5 mW) to
avoid overheating of the sample. The spectrum was recorded
in backscattering geometry from 50 to 1300 cm .
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Fig. 1 SEM micrographs and EDS spectrum of the synthesized powder of Na,Co,Fe(VO,)3
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Fig. 2 SEM micrographs and EDS spectrum of the synthesized powder of Ag,Co,Fe(VO4);

FT-infrared spectra of powder samples (in KBr pellet) were
performed by an PerkinElmer RX-I model spectrometer with
spectral resolution equal to 4 cm ' over the entire frequency
range of 400—1400 cm .

2.2.3 Mossbauer Spectroscopy
To confirm the Fe'" oxidation state in the two vanadates, the
Maéssbauer spectra were recorded at room temperature in the
standard transmission geometry, using a constant acceleration
signal spectrometer equipped with Co” source diffused into a
rhodium matrix. Hyperfine parameters were calculated from
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Fig. 3 Observed and refined PXRD patterns for Na,Co,Fe(VO,);

the Mossbauer spectra using a least-squares method. Isomer
shifts are reported relative to room temperature iron foil.

2.2.4 Magnetic Measurements

Magnetic measurements of A,Co,Fe(VOy4); (A = Ag or Na)
were performed by a Physical Property Measurement System
(PPMS) DynaCool magnetometer on the synthesized powders
sealed in a gelatin capsule. The temperature dependence mag-
netic susceptibility measurements were made between 300
and 2 K in both zero field cooled (ZFC) and filed cooled
(FC) modes with an applied field 10 kOe. The ZFC mode
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Fig. 4 Observed and refined PXRD patterns for Ag,Co,Fe(VO,)3
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was performed by cooling the sample from 300 down to 2 K
in the absence of a magnetic field. Subsequently, the desired
external field was applied and the data were collected on
heating the sample up to 300 K. After reaching 300 K, the
data were then recorded with the same strength of the field on
cooling the sample down to 2 K, i.e., FC.

3 Results and Discussion

3.1 Scanning Electron Microscopy and Powder X-Ray
Diffraction

The morphology and elemental analysis of the synthesized
powders of the two vanadates were characterized by scanning
electron microscope (SEM) and energy-dispersive X-ray
spectrometer (EDS) (see Figs. 1 and 2). The SEM images
reveal the formation of particles with irregular shapes in the
powder samples. The EDS analysis confirms the presence of
only Fe, Co, V, Na, or Ag and oxygen atoms; also, Co/V, Fe/V,
and Na/V or Ag/V ratios are close to those of the elemental
composition. The purity of the as-synthesized powders was
confirmed by powder X-ray diffraction. The obtained X-ray
patterns were fitted using Le Bail refinement method with
JANA2006 software [31, 32]. This refinement leads to good
agreement between the experimental and the calculated

Table 1

patterns (Figs. 3 and 4), which confirms the single phase of
the synthesized powders. The refined unit cell parameters are
very close to those obtained from single crystal data [26]. Le
Bail refinement parameters and unit cell parameters compari-
son with other homolog phosphates are presented in Table 1.

3.2 FT-IR and Raman Spectroscopy Results

The infrared and Raman spectra of the synthesized van-
adates are plotted in Fig. 5. It has been reported in pre-
vious works on spectroscopy of vanadates [34-37] that
isolated ion VO,>~ with tetrahedral symmetry (Ty) is
characterized by four vibrations: the v; symmetric
stretching mode Raman active observed around
878 cm'; the doubly degenerate v, symmetric bending
mode Raman active located around 345 cmfl; the v;
triply degenerate antisymmetric stretching mode which
is Raman and infrared active, observed at vicinity of
825 cm'; and the v, triply degenerate antisymmetric
bending mode which is also both Raman and infrared
active, located around 480 cm '. When the symmetry
becomes lower, the degeneracy is removed and all modes
can become IR and Raman active [37].

For the vanadate Na,Co,Fe(VOy);, as shown in Fig. Sa, the
Raman bands at 897 and 827 cm ™' can be assigned to v, the
symmetric stretching vibration of VO,*~. The band observed

Le Bail refinement parameters for A;Co,Fe(VOy); (A = Na and Ag) and lattice parameter comparison with analog phosphates

Chemical formula Na,Co,Fe(VO,4);
Crystal system

Space group

a=11.7245 4) A
b=127778 (5) A
c=6.8250 (2) A
6=111.022 (2)°
V=954.43 (7) A’

Refined unit cell parameters

Agy,CorFe(VOy4)3
Monoclinic
C2/c (No 15)
a=11.7866 (4) A
b=12.8319 (4) A
c=6.8075(2) A
£=110.966 (2)°
V=961.44(7) A’

No. of data points 1501 1501

No. of fitted parameters 9 9

Profile function Pseudo-Voigt

Background linear interpolation

R-factors

Rp 7.75 7.55

Rwp 10.26 10.76

Goodness of fit 1.34 1.36

Lattice parameters comparison with other alluaudite phosphates

Compound, ref. a(A) b(A) cA) 5 (°) \% (A3)
Na,Co,Fe(VOy,)s, this work 11.7245 (4) 12.7778 (5) 6.8250 (2) 111.022 (2) 954.43 (7)
Ag>,CorFe(VOy);, this work 11.7866 (4) 12.8319 (4) 6.8075 (2) 110.966 (2) 961.44 (7)
Na,Co,Fe(POy);, [18] 11.7599 (3) 12.4522 (3) 6.4406 (2) 113.913 (2) 862.18 (4)
Ag1.655C0) saFe) 36(POy4)3, [33] 11.8680 (3) 12.5514 (3) 6.4386 (2) 114.012 (1) 876.09 (4)
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Fig. 5 Raman (a, ¢) and FT-IR
spectra (b, d). The blue spectra
are for Na,Co,Fe(VO,); and
green ones for Ag,Co,Fe(VOy)3
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Fig.6 Room temperature Mossbauer spectra of A,Co,Fe(VO,); (A =Ag
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at 685 cm ' and the very weak one at 615 cm™" are most likely
corresponding to V5 antisymmetric stretching vibration of VO,
. The bands at 518 and 479 ¢cm™ ! are assigned to the v, VO43_
antisymmetric bending mode, while the two bands at 375 and
350 cm™" are ascribed to v, VO,*~ symmetric bending modes
[38]. The observed weak bands at low frequency lower than
200 cm™" are due to lattice vibrations. In the infrared spectrum
(Fig. 5b), the located bands at 960, at 855, at 744 cm!, and at
690 cm ™" are assigned to 'v5 antisymmetric stretching modes of
VO,>~ [36]. The bands located at 589 cm ' and at 476 cm™'
correspond to v, antisymmetric bending mode of VO,°".

For Ag,Co,Fe(VO,)s, in Fig. 5c, the Raman bands lo-
cated at 876 and 815 cm ™' can be assigned to v, the sym-
metric stretching vibration of VO43 ~, which are shifted to
lower frequency compares to the Na vanadate. This shift
can be interpreted by the change of lattice parameters, i.e.,
the unit cell volume of the Ag vanadate is larger than that
of the Na vanadate (see Table 1); consequently, the average

Table2 Mdssbauer spectral parameters for A,Co,Fe(VO,); (A = Agor
Na)

Compound Site Smms') T'mms') A@mms))
Na,Co,Fe(VO,); Fe*[0y] 037 (2) 033 (1) 0.52 (2)
Ag,Co.Fe(VOy); Fe**[0,] 0.38(2) 0.32(2) 0.52 (1)
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Fig. 7 Magnetic susceptibility in ZFC and FC modes and the inverse
magnetic susceptibility of ZFC data a for Na,Co,Fe(VOy); and b for
AgyCoyFe(VOy);. The solid red line indicates the Curie—Weiss law fit.

The inset plot shows the ordering temperature 7 and the deference
between ZFC and FC curves

V-0 distance for the Ag vanadate is slightly bigger [26].
The sharp band at 687 cm !, which is observed at 685 cm !
in the sodium-based vanadate, corresponds to v3 antisym-
metric stretching vibration of VO4>~. This band remains
practically at the same frequency (very small shift to higher
frequency); this can be explained by referring to the struc-
tural study of these two vanadates [26]: the distances V1—
02 and V1-03 become slightly shorter in the Ag vanadate
contrary to other V-0 distances. The bands at 519 and
474 cm ! are assigned to the v, VO,> antisymmetric
bending modes, while the two bands at 360 and 349 cm”!
are assigned to v, VO4> symmetric bending modes [38].
The observed weak bands at low frequency lower than
200 cm™ ' are due to lattice vibrations. In the infrared spec-
trum (Fig. 5d), the located bands at 839 cm™ ', at 801 cm™ ',
at 734 cm !, and at 671 cm ! correspond to the v; VO~
antisymmetric stretching vibrational mode [36]. The bands
at 572 cm ' and at 468 cm ™' are attributed to v, antisym-
metric bending mode VO,*".

@ Springer

3.3 Mossbauer Spectroscopy

The >"Fe Mdssbauer spectra of the two compounds, recorded
at room temperature, are presented in Fig. 6. Both spectra are
in the form of a doublet justifying the paramagnetic character
of these vanadates at room temperature. The continuous line
represents result of the fitting procedure of the experimental
data points shown as black circles. The fitting was performed
using one distribution corresponding to a trivalent iron Fe** in
the octahedral site. The hyperfine parameters obtained from
this refinement, such as the isomeric shift (), the full width at
half maximum (/'), and the quadruple splitting (A), are listed
in Table 2. The isomer shift values that are about 0.37 mm s~
for Na,Co,Fe(VO,); and 0.38 mm s ' for Agr,CorFe(VOy)3
are typical to high-spin Fe’* in octahedral environment [39].
Indeed, paramagnetic spectra were observed in isostructural
vanadates [27].

3.4 Magnetic Properties

Figure 7 shows the molar magnetic susceptibility () and the
inverse molar magnetic susceptibility x ' measured in both
ZFC and FC modes with an applied field of 10 kOe for the two
vanadates, within the temperature range of 2-300 K. The data
were corrected from diamagnetic signal of all atoms (—
203.6 x 10°® emu mol ' for Na,Co,Fe(VO,); and — 246 x
107% emu mol ! for Ag>,Co,rFe(VQO,);). The high temperature
region above 100 K of the inverse molar magnetic suscepti-
bility versus T'was fitted by the Curie—Weiss law, giving rise
to a Curie—Weiss constant 8 = — 125.6 K for Na,Co,Fe(VOy,)s
and 0 =—104.5 K for Ag,Co,Fe(VO,); and to a Curie con-
stant C=11.76 emu K mol ' and C =10.73 emu K mol " per
formula unit for Na,Co,Fe(VO,); and Ag,Co,Fe(VOy); re-
spectively. The negative Curie—Weiss constants indicate that
the predominant interactions are antiferromagnetic in both
vanadates. The effective magnetic moment calculated from
the Curie constant, pepr of 9.69 and 9.26 up for
Na,Co,Fe(VOy); and Ag,CorFe(VOy); respectively are in
good agreement with the effective moment of pieg = 9.44 g
expected from two high-spin Co®* (S = 3/2) and one Fe** (S =
5/2) ions considering spin—orbit coupling hypothesis ob-
served in Co”* [40, 41]. The ordering temperature in both
vanadates is observed at Ty = 6 K. As can be seen in the inset
figures, the magnetic susceptibility for both vanadates pre-
sents remarkable divergence between ZFC and FC curves at
very low temperature, suggesting the existence of a net un-
compensated magnetic moment (weak ferromagnetism)
[42—44]. In both vanadates, the Curie—Weiss constant
| 0| >> Ty which is a sign of geometrical spin frustration
[45]. Moreover, an empirical measure of frustration by calcu-
lating the quantity defined by Ramirez [45] is as follows: f=—
0../Tn, a value of f>10 indicates strong frustration in the
system. Accordingly, the calculated values of f= 20.93 for
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Fig. 8 Polyhedral representation
showing the 90° cation—anion—
cation interactions pathway along
the [101 ] direction a in
Na,Co,Fe(VOy); and b in
AgyCorFe(VOy)3

Na,Co,Fe(VOy); and f= 17.41 for Ag,Co,Fe(VOy); confirm
the strong geometrical frustration in these two vanadates.

According to the structural study of these two vanadates
A,Co,Fe(VO,); (A = Ag or Na) [26], the linkage of alternat-
ing [CoOg] octahedra and [(Co,Fe),0;0] double octahedra
through common edges leads to the formation of infinite
chains running along the [101 ] direction (Fig. 8). These
chains are connected by VO, tetrahedra to form layers parallel
to the plane (101) (Fig. 9).

The superexchange magnetic interactions in these two van-
adates can be discussed with reference to Goodenough—
Kanamori—Anderson (GKA) semiempirical rules [46—48]. In
the chains, two types of superexchange interactions are possi-
ble: the first one occurs between mixed sites of the dimers
[(Co, Fe),010]. The distance between the centers of these

Fig. 9 Polyhedral representation
showing the two 180° cation—
anion—anion—cation
superexchange pathways along
the [001]. Data from
N32C02FC(VO4)3

mixed sites is 3.145 A for Na vanadate and 3.151 A for Ag
vanadate and the angle (Col/Fel)-O—(Col/Fel) is 96.28 °
and 96.94° for the Na vanadate and that of Ag respectively.
This connection suggests the existence of a competition be-
tween three possible 90 ° cation—anion—cation interactions in
these dimers, Fe**—03-Fe**, Co**—03-Fe**, and Co**—-03—
Co?* (see Fig. 8). By referring to GKA rules [46-48], the
direct interactions 90 ° Fe**—O3-Fe** are antiferromagnetic,
whereas the 90 © interactions of Co**—03-Fe** and Co**—
03-Co** should be ferromagnetic.

Also, the second type of interaction arises between the
Co(2)O¢ octahedra and the mixed-occupied (Co(l)/
Fe(1))O¢ octahedra linked through edge sharing made by
Ol and OS5 atoms, as shown in Fig. 8, which gives two
type of 90° cation—anion—cation interactions, Co**—O—
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Fe*™ and Co**—0-Co**, expected as ferromagnetic inter-
actions. The distance between Co(2)—(Co(1)/Fe(1)) is
3.195 (1) A and 3.185 (1) A for the Na and Ag phases
respectively. The angle (Col/Fel)-O1-Co(2) is 100.59
(1)° and 100.25 (1)° for Na and Ag vanadate respectively,
while the angle (Col/Fel)-05-Co(2) is 101.25 (1)° and
101.17 (1)° for Na and Ag phases respectively. It is wor-
thy to mention that the side groups attached to bridging
anions, which are in our case VO, ~, may reverse the sign
of the 90° superexchange as reported by Geertsma and
Khomskii [49].

In addition to the above interactions which takes into ac-
count the interactions inside the chains, a second type of in-
teractions that manifests itself between the chains is expected.
These interactions are of cation—anion—anion—cation type,
which occur between (Co(1)/Fe(1))Og octahedra via V(1)Oy4
tetrahedron and between Co(2)Og¢ octahedra through V(2)Oy4
tetrahedron in [001] direction (Fig. 9). These type of
superexchange interaction follow the same rules as those of
180° cation—anion—cation which gives according to
Goodenough—Kanamori—Anderson rules antiferromagnetic
interactions in case of Co”*~0-O-Fe’*, Co”*~0-0-Co>*
and Fe*~0-O-Fe’* superexchange interactions.

In summary, in the chains of these two vanadates, the mag-
netic superexchange interactions according to the GKA rules
are in competition between the antiferromagnetic state and the
ferromagnetic state, whereas the inter-chain interactions are
antiferromagnetic. Thus, the dominant interactions in these
two vanadates are antiferromagnetic which is consistent with
the experimental results.

4 Conclusion

The powders of the two vanadates, A,Co,Fe(VOy); (A =
Ag or Na), were synthesized using sol-gel method and
characterized by powder X-ray diffraction, scanning elec-
tron microscopy, IR and Raman spectroscopies,
Mossbauer spectroscopy, and magnetic measurements.
The magnetic susceptibility data confirmed that the pre-
dominant interaction is antiferromagnetic with a Curie
—Weiss constant of § =—125.6 K for Na,Co,Fe(VO,)3
and § =—104.5 K for Ag,Co,Fe(VOy4);. The magnetic
transition from the paramagnetic state to the antiferromag-
netic state is observed around 6 K in both vanadates. The
temperature dependence magnetic susceptibility measure-
ments at 10 kOe in both ZFC and FC modes show diver-
gence in the curves for both vanadates at low temperature,
indicating the presence of weak ferromagnetism. The high
- 0.,/Ty ratio confirms the existence strong geometrical
frustration in these two vanadates. The super exchange
interactions according to GKA rules confirm that the

@ Springer

expected over all magnetic interactions are antiferromag-
netic consistently with the experimental findings.
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